The high-resolution von Hamos bent crystal spectrometer of the University of Fribourg was upgraded with a focused X-ray beam source with the aim of performing micro-sized X-ray fluorescence (XRF) measurements in the laboratory. The focused X-ray beam source integrates a collimating optics mounted on a low-power micro-spot X-ray tube and a focusing polycapillary half-lens placed in front of the sample. The performances of the setup were probed in terms of spatial and energy resolution. In particular, the fluorescence intensity and energy resolution of the von Hamos spectrometer equipped with the novel micro-focused X-ray source and a standard high-power water-cooled X-ray tube were compared. The XRF analysis capability of the new setup was assessed by measuring the dopant distribution within the core of Er-doped SiO 2 optical fibers.
I. INTRODUCTION
Micro-X-ray fluorescence (μ-XRF) analysis 1 is applied in environmental sciences, 2, 3 geological applications, 4, 5 cultural heritage studies, 6 archeology, 7 and in the biomedical, 8, 9 chemical, 10, 11 and forensic 12 domains. Usually the related experiments are realized at advanced research facilities, i.e., third generation synchrotron sources, where the bright, coherent, polarized, energy-tunable, and monochromatic Xray beams can be used for fluorescence, scattering, diffraction, or absorption experiments. Furthermore, the recent developments made in the domain of X-ray optics 13, 14 offer the possibility to realize microscopy experiments with hard X-rays not only on the micrometer but nowadays also in the sub-micrometer range. 15 Indeed, at synchrotron radiation facilities, current efforts strive towards nano-focused X-ray beams [16] [17] [18] [19] [20] [21] with the inherent challenges on the beam position stability. At the same time focusing optics are, in combination with broadband X-ray sources, more and more commonly used in research laboratories to realize micro-XRF experiments. [22] [23] [24] [25] [26] [27] [28] A permanent laboratory-based setup offers the advantages of low costs and better accessibility and, thus, a more flexible preparation and scheduling of the measurements than at external synchrotron radiation facilities.
In the present paper, the implementation of a focused X-ray beam source in the wavelength-dispersive von Hamos spectrometer of the University of Fribourg 29 to perform inhouse micro-focused XRF measurements is described. The novel X-ray source was designed so that all existing capabilities of the spectrometer are preserved. Two polycapillary halflenses are used to focus the Bremsstrahlung produced by a 50 W air-cooled micro-spot W anode X-ray tube onto the sample. The first polycapillary half-lens is mounted directly on the X-ray tube and serves to collimate the Bremsstrahlung a) Author to whom correspondence should be addressed. Electronic mail:
yves.kayser@psi.ch radiation. It provides a parallel X-ray beam with a welldefined direction of propagation as well as a constant photon flux along the beam path. The second polycapillary half-lens is installed approximately 45 cm downstream in front of the sample in order to focus the collimated beam to a spot of about 50 μm. It can be noted here that as compared to the divergent beam emitted by a conventional X-ray tube the collimated micro-focus X-ray beam restricts the fluorescence production to the sample only, which results in a diminution of the background events in the spectrometer detector. In addition, as in the von Hamos setup the energy resolution depends on the size of the effective fluorescence source, a smaller instrumental broadening is obtained when using a micro-focused beam and the spectrometer can be operated in the slit-less geometry.
The laboratory-based micro-XRF setup was used to investigate Er-doped SiO 2 optical fibers that are being developed at the Institute of Applied Physics (IAP) of the University of Bern using a new low-cost and time-efficient manufacturing process. The fibers fabricated with this new method, however, are characterized by quite important light losses due to scattering processes. Actually, the dopant distribution within the optical fiber is unclear and strongly affects the quality of the produced fibers. The new XRF setup was therefore used to characterize the dopant homogeneity within the core region of the fiber section to get a deeper understanding of the production process and a better control of the fiber fabrication parameters. R), and a position sensitive detector (Fig. 1, upper panel) . The curvature of the crystal allows for an enhanced collection efficiency by focusing onto the detector the radiation emitted by the X-ray source in the non-dispersive direction. The source and the detector lie in the dispersion plane containing the axis of curvature of the crystal. Among the X-ray photons emitted isotropically by the source only those which satisfy the Bragg condition 31 nλ = 2d * sin θ n (1) give rise to constructive interferences. In the Bragg law, n stands for the diffraction order, θ n for the corresponding Bragg angle, d for the crystal lattice spacing constant, and λ for the wavelength of the measured X-rays. At a fixed position of the spectrometer elements, data are collected over an energy range of several tens to several hundreds of eV (Fig. 1, upper panel) . This presents a considerable advantage with respect to wavelength-dispersive spectrometers based on point-by-point scanning methods and compensates partially for the lower collection efficiency in comparison to scanning-based multicrystal setups. The covered energy range depends on the Bragg angle θ n and on the extension in the dispersion plane of either the crystal or, as in the case of the Fribourg spectrometer, of the detector. To cover wider energy domains, the central Bragg angle can be changed by translating both the crystal and detector along axes that are parallel to the crystal curvature axis, the sourceto-crystal and crystal-to-detector distances being kept equal to R/sin θ n .
The energy resolution of the spectrometer can be derived from the Bragg law. It is given by
As shown by the above equation the energy resolution is proportional to the angular resolution θ n and improves for increasing Bragg angles. For infinitely narrow sources, the angular resolution is defined by the Darwin width of the crystal and is of the order of μrad for pure non-synthetic crystals. If, however, the source has a horizontal extension y in the emission direction, the angular resolution depends mainly on the source width. Indeed, the Bragg condition is satisfied in this case over an interval x which depends on the source size y and the crystal position (Fig. 1, lower panel) . For a finite source size, the relative energy resolution becomes
As it can be seen from Eq. (3), the relative energy resolution improves not only with the Bragg angle and the radius of curvature but also with a decreasing source size, justifying thus the use of micro-focused beams to produce the sample fluorescence. 32 On the other hand, since the efficiency of the spectrometer diminishes with R, a compromise between luminosity and energy resolution has to be made for the radius of curvature. 29 Since the radiation from conventional high-power sidewindow X-ray tubes is emitted within cones with angular apertures of approximately 30
• , large sample areas are irradiated. Thus, unless very narrow samples are used, a significant loss in the spectrometer resolution may result. On the other hand, small spot sizes on the sample are difficult to achieve with such conventional laboratory X-ray sources because a collimation of the primary X-ray radiation with pinholes implies a tremendous loss in flux. For the von Hamos spectrometer of the University of Fribourg, the spectrometer resolution was preserved by limiting the horizontal extension y of the fluorescence source in the emission direction using a narrow rectangular slit having an adjustable width. 29 The slit center lies on the axis of curvature of the crystal and the slit aperture in the dispersion plane determines the spectrometer resolution and luminosity (Fig. 2, left panel) . In this modified von Hamos geometry, the slit can be regarded as the effective or geometrical source of radiation which corresponds to a narrow line source. The physical source, i.e., the sample area irradiated by the primary radiation, is located behind the slit with respect to the crystal view-point. Since the slit is located at a fixed position and the crystal position changes depending on the Bragg angle, the sample position should be adjustable along the primary beam direction. Note that the orientation of the slit is automatically adjusted onto the sample position by a dedicated mechanical system so that the slit width remains the same regardless of the Bragg angle (Fig. 2 . This inconvenience is circumvented by using a micro-focused X-ray tube with a collimating polycapillary optics which delivers a quasi-parallel primary beam for the fluorescence excitation (middle panel). This allows positioning the X-ray tube at a larger distance d from the sample without loss in flux and, if micro-sized X-ray spots on the sample are needed, to insert a focusing polycapillary optics in front of the sample. In this case, the slit placed between the sample and the crystal is no longer needed and can be removed or widely opened (right panel).
(1) Sample, (2) sample axis, (3) orientable slit, (4) detector axis, d = source to sample/polycapillary optics distance.
anode of the X-ray tube, the latter should be mounted as close as possible to the sample. For the spectrometer discussed in the present paper, this distance ranges from 3.4 cm for the smallest Bragg angle (about 24 • ) to 6.8 cm for the largest one (about 61
• ). Due to this short and variable separation distance and the wide aperture of the Bremsstrahlung emission cone the implementation of a focusing X-ray optics in order to realize micro-XRF experiments with conventional X-ray sources is completely impractical. For this reason, the high-power (3 kW) X-ray tube was replaced by a low-power (50 W) micro-spot X-ray tube equipped with collimating optics. The latter is mounted at the X-ray exit side of the tube and positioned accurately by the manufacturer so that its focal point coincides with the micro-sized impact point of the electrons on the X-ray tube anode. Thanks to the collimation a larger part of the Bremsstrahlung contributes to the sample fluorescence production and the photon intensity incident on the sample is independent of the distance between the X-ray tube and the sample (Fig. 2 , middle panel). This allows to mount the X-ray tube at a larger distance from the sample (about 50 cm). Despite the longer path of the primary X-ray beam, the absorption can be neglected since the spectrometer is operated at a pressure of typically 10 −6 mbar. Furthermore, with the so-obtained gain in space and nearly parallel collimated beam, an additional optics for focusing the primary radiation onto the sample can be inserted (Fig. 2, right panel) . Both the collimating and focusing optics are polycapillary half-lenses.
X-ray polycapillary optics consist of an array of about 10 5 individual gently curved hollow glass capillaries through which the X-rays are guided and redirected by multiple total external reflection on the capillary walls. Since their first description 33, 34 their production and design have been optimized by fusing and drawing (monolithic design) as well as tapering off the capillaries. 35, 36 Polycapillary optics can be either full-lenses, realizing a point-to-point focus or, like in the presented setup, half-lenses which can be either used to collimate the radiation emitted from a point source into a parallel beam or to focus a parallel beam towards a focal point in order to increase the photon flux. 37 The main parameters of a polycapillary optics are the focal spot size (10 −5 m) or acceptance angle (up to 20
• ), the input and/or output focal distance(s) (10 −3 -10 −2 m), the transmission (0.1-0.6), and the gain (10 2 -10 3 for focusing polycapillary optics). 38 In general, the characteristics vary for each polycapillary optics and depend on the individual optimized design (length, diameter, and radius of curvature of the capillaries, entrance and exit apertures). 39 Typical application domains for polycapillary optics are μ-XRF, absorption, or diffraction experiments with the aim to realize spatially resolved measurements, to increase the detection efficiency, 35, 36, 40, 41 or to optimize the background conditions by shielding the detector from scattered particles or X-ray radiation. 37, 40 Arranged in the confocal geometry, [42] [43] [44] [45] [46] [47] [48] 3D-measurements with micrometer resolution can also be realized. In general, the advantages offered by polycapillary optics are the compact size, the spatial acceptance of the incoming X-ray beam, and a broad usable energy range. 48 The latter point, and also the achromaticity of polycapillary optics, 40 make it possible to use them in combination with laboratory X-ray sources. For focusing polycapillary half-lenses, the size and position of the produced focal spot do not depend sensitively on the size and position along the optical axis of the X-ray source. 48 However, the focal spot size depends slightly on the X-ray energy 40, 48, 49 since the critical angle for total external reflection varies inversely with this parameter. In addition to the penetration through the capillary glass walls, this limits the transmission of high X-ray energies but allows on the other hand to use polycapillary optics as low-pass filters. The lower energy limit for the usable X-ray energies is given by the absorption at the entrance and exit windows of the optics. 36, 48 Most polycapillary optics are used in an energy domain of 1-40 keV. 41 In the presented setup, the collimating polycapillary halflens was already mounted by the manufacturer on the lowpower micro-spot X-ray tube. The latter was then fixed on a side beam port of the spectrometer chamber via a positioning system equipped with micro-screws in order to align the collimated X-ray beam with respect to the geometry of the von Hamos spectrometer. Indeed, for ease of operation reasons, the collimated X-ray beam had to be contained in the dispersion plane of the spectrometer and perpendicular to the detector axis. The alignment of the beam along the sample positioning axis was verified with position-sensitive diodes. The focusing polycapillary half-lens was then mounted on a five-axis manipulator which was itself fixed mechanically to the sample carriage stage driving the sample support system along the primary beam direction. The alignment of the focusing polycapillary optics is thus independent of the sample position along this direction while the sample can still be scanned transversally through the focal spot. The housing containing the focusing polycapillary optics is 50 mm long and has a downstream aperture of 5.3 mm and an upstream aperture of 12 mm, both being closed with Be windows (12.7 μm thickness). The nominal diameter of the focal spot is 50 μm and the focal distance is 8 mm. The choice of the focal output distance of 8 mm was dictated by spatial constraints. Indeed, the polycapillary optics output should not be on the detection path (from the sample towards the diffraction crystal) of the fluorescence X-rays and the possibility for a sample rotation was to be preserved.
The five-axis manipulator (Fig. 3) , motorized for reasons of compactness and accuracy with piezo motors, allowed for three translational and two rotational motions. One translational axis is parallel to the primary beam direction while the two others are transversal to it, one being contained in the dispersion plane of the spectrometer and the other one perpendicular to it. The rotation axes coincide with the two transversal translation axes and serve to orientate the focusing optics relatively to the primary beam direction in order to maximize the transmission through the polycapillary. The angular alignment relatively to the incident beam path is cru- FIG. 3 . Drawing of the five-axis positioning stage (red axes) used for the manipulation of the focusing polycapillary optics. The manipulator is attached to the motorized carriage permitting to move the sample along the axis YY which is parallel to the primary beam axis Y. Note that the transverse motions of the focusing optics and sample along the parallel axes X and XX are fully independent.
cial since a misalignment of 2 mrad in the horizontal or vertical angular position results in flux losses of about 50%. The two transverse translational axes are necessary to center the polycapillary optics on the direction of the collimated beam with the help of a position-sensitive diode. The latter is fixed to the polycapillary optics holder, the relative position between the center of the diode and of the optics entrance being known. The third transversal axis serves to adjust the distance between the sample surface and the exit of the focusing optics to the focal distance and, thus, to maximize the gain. This last adjustment step and the angular alignment are performed by monitoring with a video system through a viewport the focused beam on a fluorescence screen placed in the same vertical plane as the sample surface. The fluorescence screen is made of a 4 μm thick Gd 2 O 2 S:Tb layer deposited on a polished Al plate. It is characterized by a 2.6 ms decay time and an ultra fine grain size for good spatial resolution. Either the spot size or the brightness of the irradiated area is monitored.
III. INSTRUMENTAL PERFORMANCE
The collimated and focused primary X-ray beams were both characterized in terms of spatial extension and spectral output. First, the extension of the collimated beam and its orientation with respect to the spectrometer geometry were checked. To this end, the diode mounted on the five-axis manipulator next to the focusing polycapillary optics was scanned through the collimated beam with steps of 0.5 mm in the horizontal and vertical directions. The primary beam delivered by the X-ray tube and collimating polycapillary half-lens was found to be symmetric and well described by a 2D-Gaussian with a full width at half maximum of about 5.5 ± 0.1 mm when taking into account the size of the diode (7.6 mm) (Fig. 4) . The retrieved width of the collimated beam depends, however, slightly on the high voltage applied to the X-ray tube. It varies horizontally and vertically by about 0.2 mm with a trend towards smaller values for increasing high voltage values, i.e., increasing average energies of the emitted Bremsstrahlung. Indeed, the divergence of the polycapillary half-lens is related to the critical angle of total external reflection which depends inversely on the X-ray energy. The center position of the 2D-Gaussian, however, was found to be stable in both directions within 0.1 mm. From the change in the central position along the primary beam direction it was deduced that the collimated beam was tilted by 4.6, respectively, 5.6 mrad, in the horizontal and vertical directions. Over the travel range of the sample along the beam direction (34 mm) this corresponds to a total displacement of about 0.3 mm. From the variation of the width of the 2D-Gaussian along the primary beam direction, a divergence of about 6 mrad of the collimated beam in both transversal directions was deduced.
The diameter of the X-ray spot produced by the focusing polycapillary half-lens can be determined experimentally by a wire or knife edge scan, or alternatively in two dimensions with a pinhole or position-sensitive detector. For the present setup, the focal spot size, which determines the spatial resolution for mapping applications, was measured by means of the knife-edge method using a 25 μm thick Sc foil (see Fig. 5 , upper panel). The intensity of the Sc Kα 1 fluorescence line was monitored as the Sc foil was scanned transversally through the focal spot. The measurements were repeated for different dis- tances between the foil and the polycapillary optics exit. The X-ray tube setting was 50 kV. The minimum spot size was found to be 55.7 μm and the variation of the spot size with the separation distance between the sample and the Sc foil was well fitted by a second order polynomial (Fig. 5, lower  panel) . As expected, for a lower voltage applied to the X-ray tube the minimum spot size of the focused beam was found to be at the same position but larger (≈20% for a voltage of 20 kV) since the average energy of the Bremsstrahlung contributing to the fluorescence radiation is lower. Note that for similar reasons the retrieved spot size may also depend on the element used for the knife edge scan. A systematic study with different elements would allow to partially elude this dependence. A further conclusion from these measurements is that the distance between the polycapillary optics and the sample surface can be accurately adjusted to the focal distance by surveying the size of the focused spot on the fluorescence screen, the depth of focus of the X-ray optics offering in addition a certain tolerance (increase of the spot width by 10 μm for an offset of 1 mm from the focal distance).
The spectral distributions of both the collimated and focused beams were measured by means of a silicon drift detector (SDD) for different high voltages and a tube current of 50 μA (Fig. 6 ). The SDD detector was installed inside the spectrometer chamber at the sample position and calibrated with an 241 Am radioactive source. The measurements were performed in vacuum. For the collimated beam, a Pb pinhole FIG. 6 . Spectral distributions of the collimated (top panel) and focused (middle panel) X-ray beams for different high voltages of the X-ray tube. For each high voltage, the intensity ratio between the focused and collimated beams allows to retrieve the transmission through the focusing polycapillary half-lens (bottom panel). The lower energy limit for the usable energy range is due to the absorption by the Al foils inserted in front of the SDD. For further details see the text. of 0.6 mm in diameter which was centered on the maximum of the intensity distribution was placed in front of the detector to avoid saturation of the latter. Moreover, depending on the high voltage applied to the X-ray tube, Al filters were mounted in front of the SDD for both the collimated and focused beams (208 μm thickness at 10 and 15 kV, 416 μm thickness at higher voltages). From the known spatial extension of the collimated beam, the total emitted photon flux and the flux intercepted by the focusing polycapillary optics could be recalculated. The recorded spectra were corrected for the transmission through the Al foils and spatial acceptance of the pinhole, respectively, polycapillary entrance, as well as for the detector dead time and efficiency. For high voltages of the X-ray tube above the W L 3 edge (10.207 keV), the characteristic L X-ray emission from the tube anode (Lα, Lβ, and Lγ lines with energies ranging between 8.335 and 11.286 keV) show up on top of the produced Bremsstrahlung. From the intensity ratios of the spectra measured with the collimated and focused beams, the transmission through the focusing polycapillary as a function of the X-ray energy could be determined (Fig. 6, lower panel) . In this case, only the different spatial acceptances and detector dead times have to be considered. The error was estimated to be of the order of 10%. The gap from 5 to 7 keV is due to the absorption in the Al foils, but the transmission value can be estimated through interpolation. The increase in the intensity ratio above 20 keV can be explained by hard X-rays which are not reflected at the polycapillary glass walls because of a too large incidence angle. Note that the Sc knife edge scan discussed before was almost not affected by this effect because for Sc (K-edge at 4.492 keV) X-ray photons above 20 keV do not significantly contribute to the production of the Kα fluorescence signal.
Furthermore, the spectrometer luminosity was compared for different fluorescence lines (corresponding absorption edges between 1.6 keV and 10 keV) with three different X-ray sources, namely, a standard high-power water-cooled Au X-ray tube (max. power 3000 W), the low-power W anode X-ray tube (max. power 50 W) with the collimating X-ray optics, and finally the same low-power collimated X-ray source but with the focusing polycapillary half-lens inserted in front of the samples. In the last two cases, the spectrometer luminosity was found to be about an order of magnitude smaller than the one corresponding to the high-power X-ray tube (for identical tube currents). With the focused beam the luminosity was comparable within a few percent to the luminosity of the setup with the collimated beam, except for fluorescence lines corresponding to absorption edges above 8 keV, i.e., absorption edges lying in the energy range where the transmission through the focusing polycapillary was found to significantly decrease (Fig. 6, lower panel) . Thus, below 8 keV, losses due to the transmission through the focusing polycapillary halflens are fully compensated by the gain. On the other hand, the gain provided by the collimated beam with respect to the high-power X-ray tube (which is a strongly divergent source) is markedly attenuated by the slit placed between the sample and the crystal because the width of the latter (0.2 mm) is much smaller than the size of the collimated beam (about 8 mm) (see Fig. 2 ). All spectrometer parameters like the sample, crystal, and detector position, slit width (except for the focused beam), diffraction crystal, diffraction order, and chargecoupled device (CCD) detector settings as well as the X-ray tube high voltage were identical for a given fluorescence line. The results for the Sc Kα fluorescence line are shown in Fig. 7 . However, the slightly different atomic numbers of the anode elements (about 7% less Bremsstrahlung intensity for the W anode and a different mean energy of the emitted radiation) and the decreasing transmission with increasing X-ray energy through the collimating polycapillary optics were not considered. Regarding the signal-to-background ratio, the latter was found to improve in the cases of the collimated and focused beams despite a lighter shielding around the sample. Indeed, the background originating from the scattering of the primary radiation by the sample environment is small as compared to the case of the high-power X-ray tube.
The energy resolution of the spectrometer which, depending on the energy of the measured X-rays, is about 1-3 eV in the standard configuration was improved by up to 15% when using the setup with the collimated or the focused beam. The latter two configurations provided similar resolutions. In both cases, the improvement in resolution can be explained by the spatial distribution of the incident radiation on the sample. In the case of the collimated beam, despite the FIG. 7 . Experimental spectra of the Sc Kα fluorescence line from a 25 μm thick foil using the divergent radiation beam from the high-power X-ray tube (left panel), the low power X-ray tube with collimated optics (middle panel), and the low power X-ray tube with both the collimated and focusing optics (right panel). The X-ray tubes were operated at a nominal voltage of 20 kV and the spectra were normalized to a tube current of 10 mA. It can be observed that with the collimated and focused beams the spectrometer luminosity is significantly lower than with the high power X-ray tube (13% and 15%, respectively), whereas a fit of the experimental spectra reveals that the background conditions are significantly improved (signal-to-background ratio better by 50%) in the case of the low power X-ray source. The same holds for the experimental resolution (improvement from 1.22 eV down to 1.12 and 1.14 eV, respectively).
fact that the size of the effective source of radiation is mainly determined by the width of the slit placed on the dispersion axis, the sample area contributing to the fluorescence radiation is better defined than in the case of the widespread radiation delivered by a standard X-ray tube. As mentioned before, no slit is needed when using the focused beam. However, the physical source, i.e., the irradiated sample area is not located on the dispersion axis but behind it, the distance between the physical and the geometrical source varying between 2.74 and 5.22 cm depending on the Bragg angle. Thus, according to the von Hamos geometry, the size of the geometrical source which is defined by the spatial extension on the dispersion axis of the fluorescence radiation accepted by the crystal is significantly wider than the physical source. Hence, the spectrometer resolution benefits only partially from the smaller size of the physical radiation source because of the modified von Hamos geometry.
IV. APPLICATION
The first application of the described laboratory-based micro-focus wavelength-dispersive setup was the analysis of optical fibers produced by the IAP Bern. The aim was to control the homogeneity of the dopant distribution in the produced fibers by mapping the elemental distribution within transversal fiber sections.
Optical fibers are routinely used in the telecommunication domain and in laser amplifier systems. The established manufacturing method for fibers used in industrial applications is the modified chemical vapor deposition (MCVD) technique 50 which allows to produce fibers of very high optical quality. On the other hand, MCDV is a very complex and consequently costly procedure. However, depending on the fiber length, the purity and the inherent signal losses may not be of prime importance. In this case, the sol-gel technique 51 presents a manufacturing alternative in terms of handling and flexibility while the quality of the produced fibers is almost similar to those produced by means of MCVD. In addition, more complex fiber geometries with multiple cores or a dopant concentration gradient, respectively, multiple doping with different elements, can be realized.
In the same perspective, the IAP Bern has developed a new approach to dope optical fibers used in laser applications. 52 Briefly, the new manufacturing method consists in filling fiber preforms with a mix of granulated silica, alumina, and oxides of the dopants and drawing afterwards the filled tubes to fibers in a standard drawing tower. The granulates can be treated by melting them with a CO 2 laser in order to minimize the contamination. A milling of the vitrified pellets ensures a more homogeneous dopant mixing during the drawing of the fiber. The granulates are then filled in a quartz or Pyrex preform which may in a consecutive step be inserted coaxially in another cylindrical form. In the latter approach, the free space is filled with silica powder. The outermost part (the preform or the surrounding form) composes the cladding of the fiber. Finally, the whole tube is evacuated and preheated. Afterwards the tube is inserted in a standard drawing tower equipped with a furnace. The latter is necessary for a homogeneous annealing. The main parameters during the fiber drawing are the insertion speed from the top into the furnace, which has an influence on the final cladding diameter, and the temperature of the furnace, which allows to minimize the viscosity of silica. During the drawing of the fiber no modification of the preform geometry occurs and the cladding-tocore diameter ratio is preserved. Fibers with metallic dopants can be produced in the same manner. 53, 54 Like the sol-gel technique, this manufacturing approach is time and cost efficient, versatile and flexible. Unlike other methods, fibers with virtually any cladding-to-core geometry, respectively, any dopant concentration levels in the core can be produced. For broadband emission applications, like confocal microscopy or optical coherence tomography, where a small coherence length is required, fibers with alternative geometries, i.e., fibers with several cores 55 or with a multi-doped core, 56 can be produced. However, compared to fibers produced by standard procedures, the fibers produced by the IAP Bern are characterized by a stronger scattering, thus higher signal losses. Nevertheless, the produced fibers are suitable for active systems in which the fiber length is only of the order of several meters. The scattering originates from an inhomogeneous distribution (clustering, incomplete dissolution, or bubble inclusion in the core) of the dopants in the silica matrix.
In order to optimize the fiber production process, the homogeneity of the final dopant distribution needs to be more thoroughly investigated. Actually, by weighting the different used granulates, the average composition and the average refractive index of the core can be calculated very precisely but an incomplete dissolution of the core material during the fiber drawing leads to an inhomogeneous and fluctuating refractive index. As a consequence, scattering will occur and the signal will be damped. Thus, an exact knowledge of the local dopant distribution is of prime importance to characterize the fibers and support improvements in the production process.
The analyzed samples were sections from an Al-Er-P doped SiO 2 fiber, the doping concentration of Er being of the order of 1 at. %. Rare earth elements are chosen for doping optical fibers because of their weak interaction with the glass host material. The diameter of the analyzed fiber sections varied from 500 to 750 μm, the fiber core where the dopants are localized being smaller by a factor of 17/21.
The analyzed fiber piece was quenched in the groove of a brass holder with the fiber cross-section facing the incident beam direction in order to preserve the spatial resolution offered by the focused beam. Brass was chosen because it was found to produce an acceptable background in the energy region of interest. Two-dimensional scans of transverse fiber sections were realized by moving the sample horizontally and vertically through the focused X-ray beam spot. Both movement axes were perpendicular to the incident beam direction. The W anode of the X-ray tube allowed for an efficient excitation of the L fluorescence lines of Er since the W L X-ray fluorescence lines are just above the L-shell absorption edges of Er, resp. Ho and Yb, other rare earth elements of interest for doping fibers. The positioning of the sample in the transverse directions with respect to the beam was realized with the help of the fluorescence screen.
For the measurements, the von Hamos spectrometer was equipped with an ADP (2d = 10.642 Å) crystal and the diffracted X-rays were measured with a 1340 × 400 pixels back-illuminated CCD detector having a spatial resolution of 20 μm and a readout speed of 1 MHz. After test measurements with other crystals at different diffraction orders, namely, a SiO 2 (2-23) in first order and a SiO 2 (1-10) in third order, the ADP crystal used in the fourth diffraction order was found to provide the highest spectrometer luminosity for the Er Lα fluorescence line. The integral reflectivity of the crystal was more important than the changes in the solid angle of detection due to different Bragg angles, i.e., different detector positions. In addition, the fourth diffraction order permitted to measure the Si Kα and Er Lα fluorescence lines at a single position of the sample, crystal, and detector. Indeed, the Bragg angles corresponding to the fourth diffraction order of the Er Lα line and first diffraction order of the Si Kα line are close enough to measure both fluorescence lines at a single position of the spectrometer components but sufficiently different to permit a spatial separation of the two fluorescence lines on the CCD. Moreover, the distinction between the two fluorescence signals was made easier by setting the appropriate energy discrimination on the recorded pixel intensities. and Er Lα intensity distributions permits to exclude an important dopant diffusion into the cladding. The ratio of 17/21 between the doped region and the total diameter of the fiber, which is expected to be independent from the diameter of the drawn fiber, can be indeed retrieved from the widths of the two profiles. Identical conclusions could be drawn for other analyzed fiber sections.
V. CONCLUSION
In summary, the implementation of a laboratory-based micro-focusing X-ray source into an existing crystal spectrometer chamber was described. The new setup permits to realize at the same time measurements with a high spatial resolution, which is important for mapping applications and localized studies, and a high energy resolution, which offers the possibility for chemical speciation when measuring X-ray fluorescence lines corresponding to electronic transitions from the valence shell.
The primary beam used to excite the fluorescence radiation was delivered by an air-cooled, low-power 50 kV, 1 mA micro-spot X-ray tube with a collimating polycapillary halflens installed at the exit window of the tube. Thanks to the distance-independent flux of the collimated beam, it was possible to position the X-ray tube at a large distance from the sample and to insert a focusing polycapillary X-ray optics in front of the sample without modifying the spectrometer chamber. Actually, due to the limited space inside the spectrometer chamber and the polychromatic primary beam, the combination of a collimating and a focusing polycapillary half-lens represented the best and single realistic setup for the production of a micro-sized X-ray beam on the sample. The compact size and relatively easy manipulation of the polycapillary optics are further advantages of the chosen setup. Both the collimated and focused beams were characterized in terms of spatial distribution and spectral output.
The new laboratory-based micro-focusing X-ray source allows for a spatially resolved and non-destructive analysis of small samples. The new setup was therefore used to investigate different sections of tiny optical fibers manufactured at the IAP Bern by means of a new fabrication process. The dopant distribution within the core of the optical fibers was of particular interest. The present paper shows that a systematic study of the produced fibers is achievable. Indeed, the first objective which was to perform lateral elemental mapping of the concentration levels of the dopant and core atoms could be achieved. Moreover, thanks to the quite deep penetration of X-rays, it can be envisaged to study the fibers along the longitudinal direction or to analyze the pellets used in the production process. Together with a reference standard, a quantitative analysis would also be possible. 58 A more systematic study aiming at elucidating the influence of the production parameters on the distribution of the fiber dopants can be foreseen together with other complementary methods, e.g., electron microscopy. The effectiveness of several measures taken in the manufacturing preparation to improve the homogeneity of the dopants distribution in the silica host matrix could be thus evaluated.
